A comparison of (y,n) and atomic cross sections shows that neutron production with an electron beam can be as energy efficient with 12-MeV electrons as with the conventionally used 30-to 100-MeV electrons. Neutron production from tungsten using 100-MeV electrons is compared with a thin tungsten converter followed by a deuterium-containing target using electrons near 1? MeV. For a BeD2 target a yield of 2x10'2 neutrons per kilojoule of beam power is predicted.
Introduction
The production of neutrons through the use of electron beams is well established and has played an important role in neutron experimental physics.'
Conventional accelerators of this type are r-f systems, which accelerate electrons in the 30-to 100-MeV range. The electron beam strikes a tungsten or other heavymetal target producing bremsstrahlung, which, through the (y,n) process, produces neutrons in subsequent layers of the target. Above 30 MeV, the neutron production is very nearly proportional to the power in the electron beam. The efficiency2'3 for this system is -1 n/3000 MeV or -2 X 1012 n/s per kilowatt of electron beam power. With conventional accelerators operating in the 5-to 40-kW range, this method provides a very useful intensity for experimental applications even though the conversion efficiency is not high. These accelerators must be large to achieve the high energy, usually have a reputation for high maintenance costs, and require a rather large operations staff. If neutrons could be generated with comparable efficiency at a more modest electron energy, the size, operation costs, and operating staff could be significantly reduced. The purpose of this paper is to comrare the opportunities for neutron production using lower energy electrons with the established methods at higher energy.
Beryllium and Deuterium Targets
For production of neutrons with lower energy electrons, attention is immediately focused on beryllium and deuterium, owing to their low reaction thresholds of 1.67 and 2.22 MeV, respectively. While these thresholds are quite low compared to heavy elements, the cross sections for the (y,n) process also are smaller by about two orders of magnitude than the giant-resonance cross sections for heavy nuclei. Perhaps for this reason, the possibilities at low energies have been largely overlooked.
It is important to recognize that the yield of neutrons may be determined more by the atomic processes governing attenuation of the gamma rays than by the (y,n) cross section itself. For example, in the case of the heavy material tungsten, the nuclear cross section is -0.4 b at the peak of the giant resonance near 14 MeV, whereas the atomic cross section at the same energy is 16 b. The mean-free-path in tungsten for gamma rays is therefore limited by the atomic cross section. Table II. Table II includes the thickness of the target giving an attenuation of l/e for a 5-MeV gamma radiation. Fig. 1 for several different targets containing beryllium or deuterium. The efficiency possible using a thick tungsten target with a 100-MeV electron beam also is shown by the dashed line. It is interesting to note that D20 with 10-MeV electrons is only a factor of two less efficient than tungsten with 100-MeV electrons. A beryllium-metal target is a factor of three less efficient than tungsten with 100-MeV electrons.
If a CD4 or BeD2 target could be used, the neutron production efficiency would exceed that for tungsten at 100 MeV. Of course it should be pointed out that each source has a particular advantage. For example, only the d-t generator produces "high energy" neutrons which are required for example in some methods of activation analysis, 252 Cf is ultrastable, etc. Nevertheless, where neutron intensity is the primary consideration, the electron linac offers a significantly higher neutron intensity and the capital cost per neutron is significantly less. The linac also produces intense bursts of neutrons at the rate of about 300 bursts/sec which is a valuable advantage for many neutron analytical methods such as those which involve time-of-flight or die-away measurements. The pulsed intensity for the linac of Table III is about 3 x 1015 n/sec for a 3 psec pulse. Maintenance and operation costs on the linac are expected to be modest compared for example with the replacement cost of 5 mg of 252Cf every 2.5 years (the 2 2Cf half-life) which can be prorated to about $100/day. In summary a modest linac operating at 10-12 MeV of electron energy and at a power of 1-2 kW offers the opportunity to boost the intensity of 
